. Arterial and venous ECs are molecularly distinct, with Notch signaling 33
aISVs. We propose that through these two processes, blood flow facilitates the 23 transformation of the all-arterial trunk vasculature into a functional vascular 24 network with near equal numbers of arteries and veins. 25
Embryonic vascular remodeling connects arterial and venous vascular trees and is 26 essential for establishing a supply of blood to all parts of the body. The intersegmental 27 vasculature of the vertebrate trunk is initially formed by arterial ECs that sprout from the 28 dorsal aorta (DA) and migrate dorsally between somites to ultimately connect with each 29 other to form the dorsal longitudinal anastomotic vessel (DLAV). To establish circulation 30 through this arterial trunk vasculature, about half of the aISV are transformed to venous 31 ISVs (vISVs) through fusion with venous sprouts derived from the posterior cardinal vein 32 (PCV) (Fig.1a) . Arterial and venous ECs are molecularly distinct, with Notch signalingbeing a major hallmark of arterial identity 2 . Notch signaling is required for arterial 34 specification and maintenance 2, 7, 8 and has been suggested to be involved in vascular 35 remodeling 9, 10 . 36
Here, we used the zebrafish embryo model to explore the role of Notch signaling in 37 vascular remodeling at the level of individual ISVs. Just before the beginning of 38 remodeling (26 hpf), we administrated the γ-secretase inhibitor dibenzazepine (DBZ) 11 , 39 which prevents the cleavage and the release of the transcriptionally active Notch 40 intracellular domain (NICD). Chemical blockade of Notch signaling with DBZ [in 41 Tg(flt4:YFP; flt1enh:tdTomato) 9 embryos] resulted in a significant majority of ISVs being 42 connected to the PCV (Fig.1b, d ). The expression of the Notch ligand delta-like 4 (dll4), 43 which triggers a strong Notch response 12 , is restricted to the arterial endothelium 13 and 44 has been shown to be essential for normal arterial angiogenesis 14, 15 . To determine if 45 dll4 is involved in the Notch dependent transformation of arteries to veins, we abrogated 46 dll4 expression by injecting either a dll4 guide-RNA and CAS9 mRNA or reduced it by 47 using a low dose of dll4 morpholino oligonucleotide (MO). In both cases, we observed 48 that a reduction in dll4 expression resulted in increased proportion of vISVs (Fig.1b,d ). 49
Next, we ectopically activated Notch signaling by driving NICD specifically within arterial 50
ECs [in Tg(dll4:GAL4; UAS:NICD) ], and observed a reduced proportion of vISVs 51 (Fig.1c,d ). Taken together, our results suggest that Dll4-dependent Notch signaling in 52 aISVs prevents the transformation of these vessels into veins. 53
Blood flow has been proposed to play an important role in vasculature remodeling 16 , 54 but molecular mechanisms have not been identified. Hydrodynamic flow was shown to 55 upregulate Notch signaling in arterial ECs in mouse embryos and in vitro 17, 18 . We 56 acutely reduced the blood flow in Tg(TP1:D2GFP) Notch reporter embryo using 0.04% 57 tricaine methanesulfonate (2×MS222) that lowered the heart rate and blood flow 19 , 58 leading to reduced Notch signaling in arterial ECs (Fig.1e) . (Neural Notch signaling was 59 unaffected). The same 2xMS222 treatment also resulted in a significant increase in the 60 proportion of vISVs (Fig.1f, g ). The results of these two experiments suggest that 61 weaker than normal blood flow results in reduced Notch signaling, ultimately leading to 62 more aISVs being transformed into vISV. 63
Our classification of an ISV as venous has been based on whether it is connected to 64 the PCV. To properly function, veins need to be lined with venous ECs. At the time 65 when an ISV connects to the PCV it becomes a vISV which is still populated with 66 arterial ECs. As time passes, vISVs become populated with venous ECs all the way up 67 to the DLAV (brackets in Fig.1b, SFig.1c-d) . Interestingly, in Notch inhibited embryos, 68 even by the end of the remodeling, only the most ventral parts of vISV were populated 69 with venous ECs (brackets in Fig.1b ). These animals also had a reduced blood flow 70 through the vISVs (as judged by a reduced number of passing erythrocytes), which was 71 presumably due to a disproportionally large ratio of vISVs to aISVs. We also found that 72 complete blockage or partial reduction of blood flow resulted in a similar phenotype, with 73
ISVs connected to the PCV but having venous ECs in only the most ventral parts ( Fig.1f  74 and SFig.1f, g). These observations suggest that normal blood flow is required to 75 complete the formation of functional vISVs. preventing their transformation into veins and protecting their arterial identity (Fig.3e) . 99
Blood flow through next neighboring ISVs is not strong enough to sufficiently activate 100 Notch signaling and to protect them from transforming into vISVs. As a result, every 101 other ISV remains arterial and, at the end of the vascular remodeling, the ratio of vISVs 102 to aISVs is 50:50. At the same time, blood flow induces upstream migration of ECs, 103 leading to the displacement of arterial ECs in the vISV by venous ECs (Fig.3e) 153-158 (1999 Polarization and migration of ECs exposed to shear flow in the microfluidic system. a) Schematics of the microfluidic device. The device has 8 separate test regions, with a uniform shear stress at the substrate in each region and ~2 fold change in the shear stress, τ, between regions with consecutive numbers (total of ~128 fold between 1 and 8, from low to high). b) Average velocities of migration of HUAECS against the flow as functions of time from the moment of their first exposure to flow with a shear stresses τ = 8 dyn/cm 2 (n=230). Error bars are SEM.
